A humidity swing air cleaning method has been studied experimentally for improving a SPM (suspended particulate matter) removal effect. This method uses humidity swing of the air with evaporation of water and condensation of moisture, and removes the SPM by making a nuclear condensation with the SPM as nuclei and gravitational settling of the grown droplet. According to our previous study, the SPM removal effect of 90 % level was obtained at humidity swing of 0.2 kg/kgDA at flow rate of 5 L/min. The purpose of this study is to improve the SPM removal performance, especially in a high flow rate conditions. We have tested two ways; one is a modification of the dehumidifier geometry for promoting the nuclear condensation effect and the gravitational sedimentation effect. The other is an introduction of an inertial impaction as the grown droplets removal method using a coarse mesh filter as an obstacle in the fast flow condition. The geometry changes of the dehumidifier made the improvement in removal ratio up to 99.9% level at the flow rate of 5 L/min. Moreover, the introduction of the mesh filter resulted in the same removal ratio of 99.9% level at a fast flow condition of 10 L/min.
Introduction
The particles ranging from several nanometers to 10 micrometers in diameter exist in the atmospheric air, and they are called suspended particulate matter, SPM. Since the SPM is suspended for a long time in the atmosphere, it is often harmful to human body and the industries. The SPM may cause allergies and respiratory diseases under a high concentration condition or a harmful substances containing condition. The SPM also reduces productivity in various industries, such as the precision or the semiconductor industries due to the surface contamination of the products, the food or the pharmaceutical industries due to the interfusion of biological SPM, etc. Therefore the clean rooms where the SPM concentration is controlled are widely used (ISO14644-1, 1999) . Moreover, with recent progress in the nanotechnology, removal of the SPM becomes important to reduce a risk of an exposure to the artificial nano-materials (Kumar, 2006) . It is necessary to study the air cleaning method covering the nano-size SPM removal performance.
Typical current air cleaning methods for the SPM removal are air filter and electrostatic precipitator (ESP). The air filter removes the SPM dominantly by Brownian diffusion for nano-size particles and by inertial impaction for micro-size particles. Its removal performance is relatively low in submicron-size range because the both phenomena do not act well (Huang and Yang, 2006; Kim et al., 2006; Huang, et al., 2007; Japuntich, et al., 2007) . The ESP removes the SPM by charging and transporting them in electric field. Nano-size and micro-size particles are charged by diffusion charging and collision charging, respectively. Again, both charging mechanisms do not act well for submicron-size particles and its removal performance is law (Makino, 2010; Zukeran et al., 1999) . Although the air filter and the ESP are technologically established for conventional uses, there is some room for study in the submicron-size range.
Therefore, we have been studying the humidity swing air cleaning method for aiming the removal of all SPM including the nano-size SPM. This air cleaning method humidifies objective air with heating and consecutively dehumidifies it by cooling in a duct. In our previous study, major removal mechanism of the method has been theoretically clarified as a nuclear condensation induced gravitational settling (NCGS) in the dehumidifier . Highest performance obtained was the removal effect of the SPM at 97% when heated to 62 degrees and cooled to 14 degrees at flow rate of 5 L/min . Although it is lower than that of the existing methods, such as the filtration and the ESP, the performance could exceed the current methods because the NCGS can act in all particle size. The humidity swing method has another merit in maintainability since removed particles can be drained with condensation water. Weak points of the humidity swing method were a reduction of performance with the air flow rate and a high energy consumption for phase change of the water.
Therefore, the purpose of the study is to improve the SPM removal performance, especially in the high flow rate conditions. We have tested two strategies; one is a modification of the dehumidifier geometry for promoting the gravitational sedimentation effect and the nuclear condensation effect. The other is an introduction of the inertial impaction using a coarse mesh filter as an obstacle for the grown droplet in the fast flow condition. In the following section, the air cleaning apparatus, the enhancing effect of the geometry changes based on the theoretical prediction, and the effect of the inertial impaction will be described.
Experimental apparatus and performance evaluation method
The schematic diagram of an experimental apparatus in a basic configuration is shown in Fig. 1 . The air cleaning unit is composed of a humidifier of heating evaporation type and a dehumidifier of cooling type in a 52 mm square duct made of acrylic resin. Sample air flown by a pump into the duct is consecutively humidified and dehumidified. The humidifier and dehumidifier are made of a parallel-plate-type heatsink of aluminum: fin spacing of w d = 6 mm, length of 100 mm, and fin height of 32 mm. The filter paper is put on the fins of the humidifier to distribute and evaporate water with heating. The dehumidifier is cooled from base plate of the heatsink equipped with cooling pipe. Temperature of various points was measured by thermocouples. The flow rate of the air is set by a flow meter and a needle value.
Number concentration of the SPM in the air was measured at the inlet and the outlet of the duct with an optical particle counter (OPC, KR-12A, RION Co., Ltd.) and a condensation nuclei counter (CNC, model 3007, TSI Inc.). The OPC measures SPM concentration by six ranks of particle size above 0.3 μm. The CNC measures total SPM concentration. In addition, the sample air used in our study was room air that had properties as follows : the total number concentration of SPM was 3.0-9.8×10
9 [#/m 3 ], the optical average particle size was 35-41 nm, the power exponent for the particle size of the logarithmic number density function was −1.8-2.4. Amount of the humidity swing is represented by absolute humidity difference, Δx, between before and after passing the dehumidifier. Assuming saturation of moist air at temperature T h after the humidification and at T c after the dehumidification, the Δx is given by Eq. (1) . 
The performance of the humidity swing air cleaning method is evaluated by a survival ratio S, as well as the removal ratio, R. The survival ratio S defined as the ratio of the exit SPM concentration to the inlet concentration can be expressed empirically as an exponential function in a form of Eq. (3). Here, Ξ is characteristic humidity swing amplitude at which the SPM number is reduced to 1/e times, and S 0 is an intercept which is normally unity. The smaller figures of Ξ means higher performance in the SPM removal.
Enhancement of removal effect by geometrical change of dehumidifier 3.1 Prediction of removal effect
The SPM removal mechanism of the humidity swing air cleaning method was proposed as the gravitational sedimentation of water droplet which grows up by the nuclear condensation in the supersaturated moist air with the SPM as nuclei. The particle removal ratio R g defined between removed number and input number was derived as the Eq. (4) for the NCGS that occurs by the humidity swing between the parallel cooling plates .
where C c is Cunninghum correction coefficient, g is acceleration of gravity, Δ s χ max is maximum supersaturated mole fraction of water vapor which indicates a degree of supersaturation of the moist air in the dehumidifying process. 
There are three geometrical parameters directly related to the NCGS in the Eq. (4). The channel height h d and length l d are connected to the removal effect by the settling, and the channel width w d is related to a formation of a supersaturated layer in the thermal and concentration boundary layer on the cooling wall of the dehumidifier. Thus, the experiment for searching a better dehumidifier geometry was conducted by changing the three geometrical parameters. The experiment in chapter 3.2 to 3.4 was conducted under following conditions: 20 < T h < 75 °C, 13 < T c < 20 °C, Δx < 0.4 kg/kgDA, and air flow rate of 5 L/min.
Reduction of channel height
The removal ratio R g can increase as reducing the height of the channel h d because settling distance gets short. Thus, the channel of the dehumidifier was divided into some vertical segments by inserting stainless steel plate partition of 100 μm thick. The segment height h d was varied as 32, 16, 8, and 4 mm by changing partition number. Figure 2 shows the result of the survival ratio S to the humidity swing amplitude Δx. In every condition, the S was about 0.8 at no humidity swing condition (Δx < 0.01 kg/kgDA). The reason is that the SPM was removed with a basic removal mechanism such as diffusion deposition, gravitational settling and electrostatic attraction in the duct . Moreover, the survival ratio S reduces exponentially as the humidity swing amplitude Δx as Eq. (3). The S clearly lowered with the h d . Figure 3 shows that the characteristic humidity swing amplitude Ξ is approximately linear to the segment height h d , which agrees to the prediction of Eq. (4). It is straightly expected that the lower h d makes higher removal effect with taking negative effect of gain in pressure drop. 
Extension of the dehumidification section
The removal ratio R g is approximately proportional to the dehumidifier length l d , since the length of supersaturated moist air region, L s , was in the order of several centimeter. The extension of the l d can lead an enhancement of the gravitational settling of the grown droplets if the settling length was insufficient in the previous experiment. Hence, the experiment with changing the length of the dehumidifier from 200 to 400 mm by 100 mm was conducted under the segment height condition of 32 mm or 4 mm. Under the h d = 4 mm condition, the extension of the dehumidifier merely produced an enhancement effect in absolute values of the S. Slight reduction of the Ξ as the l d can be read from Fig. (5) . It can be thought that the grown droplets had removed adequately in the low h d segment even in the short dehumidifier, and there may be no room for the extension to produce further removal effect. Fig. 4 Improvement with extension of the dehumidifier length. Fig. 5 The characteristic humidity swing amplitude decreased exponentially with extension of the dehumidifier length.
Widening of the channel
Supersaturated moist air region is formed in the thermal and diffusional boundary layers on the cooling wall. The volume of the supersaturated region is a key of the nuclear condensation. Under the laminar flow condition, the prediction of Eq. (4) shows the enhancement of the removal ratio with the width of the channel w d . Thus, the experiment with four different geometry heatsink was conducted.
The dehumidifier of total length of 400 mm was composed of the first half of 200 mm by the test heatsink and the second half of 200 mm by the common heatsink of w d = 6 mm and h d = 4 mm. Geometric parameters of the test heatsink are tabulated in Table 1 Table 1 Specifications of the aluminum plate fin type heatsink experiment, it was confirmed at least that the wide w d up to 10 mm is suitable for the air cleaning with the humidity swing method. Fig. 6 Improvement with expansion of the width of the channel. Fig. 7 The modified characteristic humidity swing amplitude decreased exponentially with extension of the channel width w d .
Effective geometry of the dehumidifier
So far, the SPM removal performance was investigated by changing the three geometrical parameters of the dehumidifier. Then, all-inclusive effective geometry was designed by combining the results as shown in Fig. 8 and tested. In the new dehumidifier, direction of the heat sink was rotated by 90 degrees as arranging the plate fins in the horizontal direction. It is a simple way of reducing the height h d instead of making the segment with the partitions. The total length of the dehumidifier was extended to 400 mm. The width of the channel or fin spacing w d was chosen to 10 mm for the former part of 300 mm to enhance the nuclear condensation, and heat sink with 2 mm fin spacing was employed in the latter part for aiming the enhancement of the gravitational settling. The experimental conditions were as follows: 20 < T h < 70 °C, 13 < T c < 20 °C, Δx < 0.3 kg/kgDA, and air flow rate of 5 and 10 L/min. The result shows that the high performance of 99% SPM removal ratio can be obtained with the geometrical optimization of the dehumidifier for low flow rate condition of 5 L/min at low humidity swing amplitude of Δx = 0.1 kg/kgDA. For example, that humidity swing corresponds to formation of saturated moist air of 55 °C and cooling down to 15 °C. Energy saving is possible for that operation by employing the low temperature waste heat and the heat pump cooling. Fig. 8 The advanced dehumidifier based on the NCGS.
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performance as compared to the experiments described above. Although the survival ratio at 10 L/min was higher than As shown in Fig. 9 , the SPM removal performance of the humidity swing method decreases with increase of the flow rate. For further improvement under a high flow rate condition, the inertia impaction mechanism has been introduced in the air cleaning mechanism. The tiny particles usually escape from a collision with an obstacle by following the streamline around the obstacle because of its low inertia. When the droplet including the SPM sufficiently grows by the nuclear condensation, the droplet can collide with the obstacle by the effect of large inertia. By placing a rough mesh filter as shown in Fig. 10 after the dehumidifier, the grown droplets will be caught on the mesh by the inertia impaction. This mechanism is named as nuclear condensation induced inertia impaction, NCII. There is an important advantageous point that the NCII becomes effective to high flow rate condition under which the NCGS become ineffective.
A particle removal mechanism of the filtration consists of diffusion, interception, inertial impaction, and electrostatic attraction (Emi, 1989) . In a high flow rate case, the inertial impaction becomes dominant. The collection ratio of the particles by a mesh filter can be estimated using a single fiber collection efficiency of the inertial impaction E I as a function of the Stokes number and Knudsen number (Hinds, 1998) . By assuming water droplet and using the mesh properties and flow rate condition of the experiment described in next section, the E I was calculated to particle size. The impaction ratio rises at diameter over 1.6 μm and reached 100% at diameter of 5.4 μm. It means that the original SPM of less than 1.6 μm scale can't be caught by the mesh filter, but if the droplet including the SPM grew up over 5.4 μm, most of the SPM can be removed from the air.
In the previous study, ideal droplet growth model by the nuclear condensation in the channel was derived . The prediction of the droplet diameter d p grown in the channel of w d = 10 mm is shown in Fig. 11 . The single fiber collection efficiency is also shown in the figure. The theory shows that the droplet diameter easily grows up over 5.4 μm and high removal effect is expected. 
Experiment with mesh filter
The mesh filter was installed just after the high-performance dehumidifier described in Section 3.4. Figure 10 shows the mesh filter composed by piling a stainless-steel mesh sheet. The sheet is made of SUS 316 wire of 40 μm diameter with opening of 60 μm scale. Pressure loss of the mesh filter was also mesured by a differential puressure senser (24PCEFA6D, Honeywell). The experiment was conducted under the condition of no mesh sheet, 2 sheets, 4 sheets, 8 sheets, which is referred to "Condition A", "B", "C", "D", respectively. The common experimental conditions were as follows: 20 < T h < 70 °C, 13 < T c < 20 °C, Δx < 0.3 kg/kgDA, and air flow rate of 10 L/min. First of all, it is confirmed that the mesh filter does not work at no humidity swing condition (Δx < 0.01 kg/kgDA) even for the 8 sheets case. The inertia impaction appears only after the nuclear condensation occurring in the humidity swing operation. The effect of the mesh filter showed up in the result that the SPM survival ratio reduces as the increase of the mesh sheet number. The S reached to 0.01 at low humidity swing amplitude of Δx = 0.1 kg/kgDA in the 8 mesh sheets case. The characteristic humidity swing amplitude Ξ of the 8 sheets case drops to a half of that of the no mesh sheet case. The Ξ of the 8 sheets case at 10 L/min was in the same level of that of the no mesh sheet case at 5 L/min. It means that the drop in performance due to the high flow rate condition can be recovered by using the inertia impaction mechanism. The installation of the mesh filter helps to remove the liquid droplets that don't settle out by gravity in the dehumidifier. Moreover, the pressure drop due to the mesh filter was less than 20 Pa. It corresponds that required increment of pump power is in insignificant level of a few milliwatt.
Consumption energy is an important issue for the engineering point of view. The humidity swing method needs a large amount of thermal energy for humidification and dehumidification, thus a usage of waste energy of 100 °C level is assumed for the humidification. Thus, the required energy Q of the humidity swing was evaluated from enthalpy difference during the dehumidifier process as shown at upper horizontal axis of Fig. 12 . The case "A" uses 140 W for removal ratio of 99% at 10 L/min, and the case "D" needs 85 W for the same performance. Energy saving of 39% was available by using the mesh filter. Moreover, energy consumption rate at best performance condition was evaluated to 270 J/L for air cleaning of 90% SPM removal level, and 510 J/L for 99% level. In the previous study with a middle size apparatus, the removal ratio of 90 % was recorded at flow rate of 26 L/min and Δx = 0.11 kg/kgDA ), thus energy consumption rate was 540 J/L for 90% removal level. As compared to the previous study, the energy consumption was improved by about 50 % through this study.
Conclusion
Based on the NCGS theoretical work, the effect of the three geometrical parameters on the SPM removal performance has been experimentally investigated. The removal performance was improved almost proportionally to the channel height h d when the channel is divided into some segment with the partitions. The improvement of S = 0.1 at By combining the results of the geometry study, the advanced dehumidifier was developed and tested. The fist 3/4 section is constructed with wide channel heatsink for enhancing the nuclear condensation, and the last 1/4 section is constructed with the narrow channel heat sink for enhancing the gravitational settling. The advanced dehumidifier contributed to obtained the high performance of S = 0.1 at Δx = 0.06 kg/kgDA and S = 0.01 at Δx = 0.1 kg/kgDA at flow rate of 5 L/min.
For aiming the improvement in the high flow rate condition by the NCII, the mesh filter made of piling the rough mesh sheet was installed just after the advanced dehumidifier. It was confirmed that the NCII is effective for 10 L/min.
The performance of S = 0.1 at Δx = 0.06 kg/kgDA and S = 0.01 at Δx = 0.1 kg/kgDA, which is similar level to that without the filter at 5 L/min, was attained with the 8 sheets mesh filter at 10 L/min.
